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Abstract 
The present study concerns studying the isothermal oxidation behavior of compositionally 
graded thermal barrier coating (TBC) consisting of 100% CoNiCrAlY as bond coat developed by 
high velocity oxyfuel (HVOF) spraying on Inconel 718 substrate followed by several layers of 
CoNiCrAlY and YSZ in the weight ratios of 70:30, 50:50, 30:70, and 0:100 by plasma spraying. 
The kinetics of growth of the thermally grown oxide (TGO) layer developed due to oxidation of 
compositionally graded TBC was compared to the same grown during oxidation of  conventional 
duplex TBC. The mechanism of oxidation was established. The residual stress developed on the 
surface before and after oxidation was studied in details.  
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1. Introduction  
 
Thermal barrier coating (TBC) consists of a low thermal conductivity yttria stabilized zirconia 
(YSZ) ceramic top coat and a metallic bond coat of MCrAlY type (where M= Co, Ni, or both) 
deposited on superalloy substrate to protect the gas turbine engine components such as 
combustors, blades, and vanes from high temperature degradation [1]. TBC system usually fails 
due to (a) thermal expansion mismatch between the ceramic top coat and metallic bond coat and 
(b) growth of thermally grown oxide (TGO) layer formed on the surface of bond coat during 
service [2,3]. The residual stress developed at the interface between top coat and bond coat may 
be minimized by application of a functionally graded coating achieved by the continuous 
variation of composition throughout the coating thickness eliminating sharp interface between 
two successive coating layers [4-7]. Khor et al. [8-11] used pre-alloyed composite powders to 
deposit functionally graded TBC without any sharp interface between successive layers, leading 
to a gradual variation of mechanical and thermal properties across the coating thickness, and 
thereby, improving the coating life. The bond strength and thermal cyclic resistance of the TBC 
was reported to be improved as a result of compositional gradation [12]. The growth of TGO 
during service on the bond coat alloy induces growth stress (< 1 GPa) and thermal expansion 
mismatch stress between the bond coat alloy and TGO and TGO and top coat which limits the 
component life [13]. Thus, lowering the TGO growth rate could be advantageous in enhancing 
the component life. Many investigations were carried out to improve the bond coat oxidation 
resistance by modifying the conventional bond coat alloy [14, 15]. The oxidation resistance of 
the bond coat alloy also improved by providing a gradient bond coating as well as proving an 
NiAl inter layer or diffusion barrier layer [16-19]. Modifications in the coating deposition 
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processes have also been effective in improving the oxidation resistance of the TBC system [20, 
21]. Efforts have also been made to replace the conventional bond coats by the application of 
laminated Al2O3-Y2O3/ YSZ laminated coating to improve the oxidation resistance as well as the 
mechanical properties of the TBC system [13, 22]. The compositionally graded interlayer also 
helped to improve the oxidation resistance by forming a protective Al2O3 scales in the graded 
layers, whose growth rate is slower that the conventional TBC [9]. Chemical composition of 
TGO also plays a crucial role in the failure of TBC. Al2O3 as TGO is preferable due to its dense 
microstructure, better adherence to the bond coat, and barrier to oxygen transport. In this regard, 
it is relevant to mention that even though a large numbers of studies have been undertaken on the 
oxidation behavior of YSZ based thermal barrier coating, only a few literatures concern the 
detailed investigation of the kinetics and mechanism of oxidation based on growth of TGO.  
Plasma spraying is a deposition process where, a high temperature plasma plume 
(>10000 K) is used for melting of powders and subsequently, the molten or semi-molten material 
is accelerated by high velocity gas towards the substrate to form coating [23, 24]. Presence of 
microcracks, and porosities in the microstructure of plasma sprayed ceramic top coating is 
beneficial in reducing the thermal conductivity of coating and increasing its strain tolerance 
during exposure to thermal cycling. It has been observed that a dense YSZ coating with high 
modulus (E= 200 GPa) when cooled from high temperature to ambient develops a large residual 
thermal stress than a plasma sprayed coating with low modulus (E= 50 GPa) [25]. Furthermore, 
the oxidation resistance property of plasma sprayed surface is inferior due to the presence of 
defects in the microstructure. However, the bond coat used for thermal spray deposition should 
offer a significant improvement in oxidation resistance property, which demands the presence of 
dense and pore free microstructure. High velocity oxy-fuel (HVOF) spraying is a technique for 
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the development of dense coating (with 99% density) which utilizes heat generated by 
combustion of oxygen and fuel to heat powder to its semi-molten/molten state and subsequently, 
deposited on the surface of the substrate at a velocity higher than sonic velocity [26, 27]. In the 
past, HVOF spraying has been successfully applied for the deposition of nano-boride dispersed 
coating on AISI 304 stainless steel and copper substrates with improved wear and corrosion 
resistance [28,29]. In an earlier attempt, the detailed characterization and non-isothermal 
oxidation behavior of compositionally graded CoNiCrAlY/YSZ thermal barrier coatings 
developed by hybrid deposition route has been studied and it was observed that compositionally 
graded thermal barrier coating showed superior oxidation behavior as compared to the duplex 
coating [30]. However, detailed studies on the isothermal oxidation behavior and the effect of 
oxidation on the scale properties have not been undertaken which is important for the possibility 
of its application in power generation. 
In the present study, a detailed investigation of the isothermal oxidation behavior 
(kinetics and mechanism) of compositionally graded YSZ/CoNiCrAlY TBC developed on 
Inconel 718 substrate has been undertaken and compared with the duplex coated substrate. 
Compositionally graded coating consisted of several layers of coatings with 100% CoNiCrAlY 
as bond coat developed by HVOF spraying on Inconel 718 substrate followed by several layers 
of CoNiCrAlY and YSZ in the weight ratios of 70:30 (of thickness 80 μm on the bond coat as the 
first intermediate layer), 50:50 (of thickness 80 μm as the second intermediate layer), 30:70 (of 
thickness 80 μm as the third intermediate layer), and  0:100 (of thickness 100  μm as the top layer) 
developed by plasma spray deposition technique. On the other hand, duplex coating consists of 
100% YSZ top coating (developed by plasma spray deposition) on the top of 100% CoNiCrAlY 
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bond coat (developed by HVOF spray deposition). The effect of isothermal exposure on residual 
stress state of coating layers was also studied.  
 
2. Experimental 
Ni-based superalloy (Inconel 718 with nominal compositions: Ni-18.8Fe-14Cr-7.3Nb-1.7Mo-
1.3Ti-0.7Al in wt.%) of 20 mm × 20 mm × 5 mm dimensions were used as substrate. 
CoNiCrAlY bond coat (Co-32Ni-21Cr-8Al-0.5Y in wt.%) was deposited on sand blasted Inconel 
718 superalloy substrate using high velocity oxy-fuel spray (HVOF) technique. For the 
development of duplex thermal barrier coating (TBC), 7 wt% yttria stabilized zirconia (YSZ) 
powder (15-85 μm) was sprayed on the bond coated surface by atmospheric plasma spray 
technique (APS) using a 80 kW plasma torch (SG 100, Miller Thermal Inc. USA). For the 
development of compositionally graded thermal barrier coating, a mixtures of CoNiCrAlY and 
7YSZ powders in the weight ratio of 70:30 (of thickness 80 μm on the bond coat as the first 
intermediate layer), 50:50 (of thickness 80 μm as the second intermediate layer), 30:70 (of 
thickness 80 μm as the third intermediate layer), and 0:100 (of thickness 100  μm as the top layer) 
were deposited sequentially in a layer by layer fashion by atmospheric plasma spray technique 
(APS) on HVOF spray deposited CoNiCrAlY coating.  
 Isothermal oxidation studies of the coated and uncoated samples were undertaken by 
holding the diamond polished coated surface isothermally in air at temperatures ranging from 
900 °C to 1000 °C and subsequently, measuring the weight change and the thickness of 
thermally grown oxide (TGO) layer at an interval of 24 hours up to a maximum of 96 hours. 
Thirty measurements were averaged out to calculate the TGO thickness. Followed by isothermal 
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oxidation, a detailed observation of the microstructure of the oxide scale was undertaken by 
scanning electron microscopy (SUPRA 40, Zeiss SMT AG, Germany). A detailed analysis of the 
phase and composition was carried out by the x-ray diffraction (XRD) technique (D8 Advances, 
Bruker AXS, Germany) and energy dispersive X-ray spectroscopy (EDS), respectively. Residual 
stress (both micro and macro) developed on the surface was carefully measured by XRD analysis 
using a stress Goniometer for macro-stress (PW 3040/60, Panalytical X’pert Pro, Netherland) 
and peak broadening analysis using Scherrer’s formula for micro-stress [31].  
 
3. Results and Discussion 
3.1. As-sprayed microstructural analysis 
Fig. 1 shows the scanning electron micrographs of the (a) cross-section of the duplex thermal 
barrier coating developed by plasma spray deposition technique, (b) high magnification view of 
the same, (c) cross-section of high velocity oxy-fuel spray deposited CoNiCrAlY bond coat and 
the same at (d) high magnification. Fig. 1a shows the presence of voids and porosities 
heterogeneously distributed throughout the coating thickness of the top coat. Mechanical 
interlocking of the ceramic top with metallic bond coat can be seen at the interface between the 
top coat and bond coat. The high magnification view of Fig. 1a (cf. Fig. 1b) shows the presence 
of micro-porosities (labeled as 1), inter-lamellar pores (labeled as 2), intra-lamellar cracks 
(labeled as 3) and inter-lamellar cracks (labeled as 4). Improper melting and solidification of in-
flight powder particles and entrapment of carrier gas result in the formation of voids and 
porosities [14]. Porosity content is found to vary from 8 to 14% in duplex thermal barrier 
coating. Intra-lamellar cracks were formed due to the stress relaxation during rapid solidification 
of the individual splats [24]. The presence of inter-lamellar porosities and inter-lamellar cracks 
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were due to poor bonding between consecutive splats. It has been observed that presence of the 
micro-cracks, and porosities makes the ceramic coating more strain tolerant by accommodating 
stress during thermal cycling [32, 33]. Presence of horizontally oriented cracks/porosities is 
thought to have detrimental effect on coating integrity as they act as the source of delamination 
[34]. However, they help to minimize the thermal conductivity of the coating by providing active 
sites for phonon scattering[32-34]. Fig. 1c shows the microstructure of the cross-section of the 
bond coat revealing its dense nature. The light grey phase in Fig. 1d is the γ/γ' matrix and dark 
grey phase is β-CoAl. The γ/γ' and β phases are differentiated in terms of their aluminium 
concentration. The concentration of aluminium in β phase (with composition: 16.82 at. % Co, 
44.12 at. % Ni, 6.46 at. % Cr, and 32.6 at. % Al) is higher than γ/γ' phase (with composition: 38 
at. % Co, 28.35 at. % Ni, 26.78 at. % Cr, and 6.86 at. % Al) as observed from EDS analysis. The 
β phase acts as an aluminium reservoir in CoNiCrAlY coating which supplies aluminium 
towards the bond coat surface or bond coat and top coat interface in TBC during oxidation to 
form stable Al2O3 [35]. The presence of γ/γ' and β phases are also confirmed by X-ray diffraction 
study (cf. Fig. 9, plot 1). The area fraction of porosities and microcracks is negligible in HVOF 
spray deposited coating. 
Fig. 2 represents the scanning electron micrographs (in back scattered mode) of (a) cross-section 
of as-sprayed compositionally graded thermal barrier coating and the different regions of the 
same at high magnification showing (b) top 100% YSZ layer (zone 1), (c) 70% YSZ+30% 
CoNiCrAlY (zone 2), (d) 50% YSZ+50% CoNiCrAlY (zone 3), and (e) 30% YSZ+70% 
CoNiCrAlY (zone 4). From Fig. 2a, it can be seen that the gradual variation in composition 
through the coating thickness, eliminates the formation of sharp interface between coating layers 
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which has also a beneficial effect in reducing the residual thermal stress in the coating [4-7]. The 
porosity content in the graded coating is found to vary between 7 to 10 %. The presence of 
porosities is beneficial in terms of enhancing the coating life by making it strain tolerant [32, 33]. 
The porosity distribution is not uniform throughout the coating thickness, which is attributed to 
the difference in the size of CoNiCrAlY powder and the YSZ powder particles and also 
difference in the density of CoNiCrAlY and YSZ powders. The formation of porosities in the 
coating depends on the deposition parameters [33]. But in the present study, we have maintained 
a set of constant parameters for the development of duplex as well as graded thermal barrier 
coating. From Fig. 2b, it can be seen that the 100% YSZ coating layers contains micro features 
such as cracks, porosity which are oriented both in horizontal as well as vertical direction (as 
observed in Fig. 1b). From Fig. 2c to e, it can be seen that the micro-cracks and inter-lamellar 
porosities varies with the volume fraction of CoNiCrAlY present in the graded layers. Presence 
of microcracks and porosities are maximum in 100% YSZ layer and reduces with depth in the 
subsequent layers which is due to stress relaxation by individual splats and poor bonding 
between splats. Only vertically oriented intra-splat cracks are found to be present in the 30% 
YSZ + 70% CoNiCrAlY layer due to quenching stress relaxation by the splat after solidification. 
The area fraction of inter-lamellar porosities in the 4th layer (30% YSZ + 70% CoNiCrAlY) is 
significantly reduced which indicates a good bonding between splats of YSZ and CoNiCrAlY. 
The decrease in the porosity content in graded layer near to bond coat helps to improve the 
mechanical integrity of TBC. The different phases present in Fig. 2 are labeled as A-D. A 
detailed energy dispersive x-ray spectroscopic analysis was undertaken to determine the phases 
present in the different zones as labeled and are summarized in Table 1. From Table 1, it may be 
concluded that region A is predominantly YSZ, region B is CoNiCrAlY bond coat, region C is 
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Al2O3 and region D is the oxides of Co, Ni, Cr and Al (spinel in nature), which is formed during 
plasma spraying due to oxidation of Al, Cr, Ni, Co present in the bond coat. The area fraction of 
oxide phase increased with increase in the volume fraction of CoNiCrAlY in the graded layers. It 
can be seen that the coating is having  splat like appearance which is the characteristic of plasma 
spraying.  
 
3.2. Growth kinetics of thermally grown oxide layer 
Oxidation of bond coat occurs due to the diffusion of atmospheric oxygen through the porous 
zirconia coating. The mechanism of diffusion through the top coat are; (i) ionic movement of 
oxygen, and (ii) oxygen ingress through interconnected pores and cracks [38]. Isothermal 
oxidation experiments were conducted on duplex thermal barrier coating, compositionally 
graded thermal barrier coating, and bond coated samples at 900 °C, 950 °C, and 1000 °C to 
evaluate the kinetics and mechanism of oxidation. Fig. 3 shows the variation in thickness of 
thermally grown oxide layer (TGO) with time during isothermal exposure at (a) 900 °C, (b) 950 
°C, and (c) 1000 °C in air. In all the three reference temperatures, the kinetics of growth of TGO 
is very fast in the transient stage which approaches a steady state beyond a certain period of time. 
The initial higher kinetics of TGO formation is attributed to availability of aluminium and 
formation of Al2O3 scale (due to its lowest free energy of formation). However, the slower 
kinetics of diffusion at a later stage is attributed to the coverage of the surface with Al2O3 which 
acts as a diffusion barrier, offering resistance to further oxygen diffusion and approaching 
towards steady state [4, 9, 39, 40]. The variation of TGO thickness with time is found to follow 
parabolic law after the transient stage. The TGO growth kinetics can be expressed through a 
typical equation [36, 37].  
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 x
n
 = kp t                                                      (1) 
 where, x is the thermally grown oxide layer thickness (μm) , t is the time (h), the value of 
exponent (n) is taken as 2 (assuming diffusion assisted the growth mechanism) and kp is the rate 
constant.  
From Fig. 3 it can be seen that the thickness and kinetics of TGO layer is higher in 
duplex coating than that of compositionally graded thermal barrier coatings at all three 
temperatures of oxidation. From Fig 3a, it can be noted that the difference in TGO growth rate of 
duplex and graded TBC is maximum at 900 °C. However, with increase in oxidation temperature 
the difference in TGO growth rate in duplex and graded TBC reduces due to increased kinetics 
of diffusion at higher temperature as observed from Fig. 3b and c. In an earlier study, during 
non-isothermal oxidation similar behavior was observed [30]. A detailed study on the 
mechanism of non-isothermal oxidation showed that in duplex TBC, the protective oxide scale 
forms at the bond coat-top coat interface. On the other hand, in graded TBC, the oxide layers 
were found to form all throughout the coating in an intermittent manner, protecting the surface as 
a diffusion barrier and also closing the pores/cracks by the oxide scale [30]. This in turn creates a 
partial pressure drop at the bond coat-top coat interface in the case of compositionally graded 
TBC as compared to duplex TBC. A reduced supply of oxygen at the bond coat-top coat 
interface leads to a reduced oxidation in compositionally graded coating as compared to duplex 
TBC. These effects contribute to the lower growth rate of TGO in compositionally graded TBC.  
 Figs. 4a and b show the variation of square of thermally grown oxide layer thickness with 
time of isothermal exposure for duplex and graded thermal barrier coatings, respectively. From 
the slope of kinetics plots in Fig. 4, the rate constants for the growth of TGO (for both the duplex 
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and graded TBC) were calculated and are summarized in Table 2. From Table 2, it may be noted 
that kp for graded coating is lower than the duplex one. The lower rate constant of the graded 
coating is attributed to a reduced rate of oxidation in graded coating as compared to the duplex 
one.  
Fig. 5 shows the Arrhenius plot showing the variation of parabolic rate constant (ln kp) as 
a function of inverse of temperature (T). The Arrhenius parameters are summarized in Table 2. 
From Table 2, it may be noted that the apparent activation energies of isothermal oxidation (in 
the temperature range between 900 °C to 1000 °C) of duplex and compositionally graded 
thermal barrier coatings are 129 kJ/mol and 175 kJ/mol, respectively. Hence, it may be 
concluded that graded thermal barrier coating offers a higher oxidation resistance under  
isothermal oxidation than the duplex coating. 
In this regard, it is relevant to mention that the manufacturing cost for the development of a 
graded TBC is higher than that of duplex TBC, however, the graded TBC showed five times 
improvement in thermal cycling life than that of conventional duplex TBC [9], which justifies 
the applicability of the graded coating for thermal barrier application.  
 
3.3. Post oxidation analysis 
To understand the mechanism of oxidation, a detailed study of the top surface and cross section 
of the oxide scale were undertaken by scanning electron microscopy, x-ray diffraction technique 
and energy dispersive spectroscopic analysis. 
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3.3.1.  Microstructural Investigation 
Fig. 6 shows the scanning electron micrographs of the cross section of (a,c) duplex and (b,d) 
compositionally graded thermal barrier coating isothermally oxidized at 1000 °C for 96 hours at 
(a,b) low and (c,d) high magnification. From Fig. 6a, it may be noted that the thermally grown 
oxide (TGO) layer is formed at the interface of CoNiCrAlY bond coat and YSZ top coat. The 
oxides formed at the bond coat-top coat interface helps to protect the substrate from oxidation by 
acting as a diffusion barrier against oxygen. Fig. 6b shows the microstructure of the 
compositionally graded TBC after isothermal oxidation at 1000 °C for 96 hour. From the 
microstructure of oxidized compositionally graded TBC, it can be seen that oxide scales are 
distributed throughout the cross-section of the coating in an intermittent fashion instead of a 
monolithic oxide scale which is mainly composed of Al2O3 at the bond coat-top coat interface. 
The presence of discontinuous oxide scales present in the graded layers was reported to improve 
the oxidation resistance of graded thermal barrier coating [9]. From Fig. 6c, it can be seen that a 
thermally grown oxide (TGO) layer has been formed in a continuous manner at the interface of 
metallic CoNiCrAlY bond coat and ceramic YSZ top coat. The formation of TGO is due to 
reaction of elements present in the CoNiCrAlY bond coat with oxygen transported through the 
YSZ top coat at elevated temperature. Fig. 6d shows the formation of continuous TGO layer at 
the interface between CoNiCrAlY bond coat and graded top coat as well as the formation of 
oxide layer at the graded region in an intermittent fashion. During oxidation, oxygen initially 
diffuses through the interconnected porosities and microcracks present in the coating and by 
lattice diffusion as YSZ is good ionic conductor, and thereby oxidizing the bond coat forming 
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TGO at the bond coat-top coat interface. As graded layers contain metallic bond coat in different 
fractions they initially get oxidized along with pure bond coat. As soon as stable oxides form, 
they retard oxygen diffusion further towards bond coat-top coat interface and thereby decreasing 
the partial pressure of oxygen at the bond coat-top coat interface. Decrease in partial pressure of 
oxygen reduces the growth kinetics of TGO in graded TBC. From Fig. 6c, it is evident that TGO 
consists of bi-layers, a dark grey oxide layer labeled as (1) which was found to be Al2O3 (with 
composition of 36.02-38.37 at. % Al and 61.62-63.98 at. % O as determined by EDS analysis) 
and light grey oxide layer labeled as (2) which was found to be a mixed spinel oxides of Co, Ni, 
Cr, and Al (with composition: 5.58-6.59 at. % Co, 2.75-3.22 at. % Ni, 3.44-7.79 at. % Cr, 25.06-
29.95 at. % Al and 57.80-57.81 at. % O as determined by EDS analysis). CoNiCrAlY bond coat 
contains approximately 8 wt% of aluminum and 21 wt% of chromium which upon exposure to 
high temperature oxidizing environment forms various oxides of Al2O3, Cr2O3, spinels etc. on 
top of bond coat. The composition of TGO plays an important role in determining the life time of 
TBC as the presence of spinels reduces the toughness of the interface containing TGO. In 
addition, the higher growth kinetics of spinel oxide is found to have a detrimental effect on the 
life of TBC [35, 45]. Hence, a complete understanding on the mechanism of oxide formation 
needs to be undertaken to assess the kinetics of TGO growth.  
Figs. 7a and b show the scanning electron micrographs of the cross section of 
isothermally oxidized CoNiCrAlY bond coat at 1000 °C for 96 hrs and (b) high magnification 
view of the same. From Fig. 7a, it is evident that the oxide scale forms on top of the bond coat. 
The oxide scale was found to be composed alumina, chromia and spinel oxides. From Fig. 7b, it 
can be seen that two phase regions (γ-Co and β-CoAl) were observed in the oxidized cross-
section of CoNiCrAlY bond coat samples. A close observation of Fig. 7b shows that the oxide 
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scale is composed of different phases along with a β-CoAl depleted zone in oxidized bond coat. 
Aluminum diffuses from β-CoAl for the formation and growth of alumina scale, thereby, causing 
a depletion of the β phase in the near surface of the bond coat. The composition of different 
phases in the oxide scale (labeled as 1, 2 and 3) are summarized in Table 3. The dark phase 
labeled as (1) was found to be Al and O reach and the other two phases labeled as (2) and (3) 
were found to be mixed oxides  which  formed on top of Al2O3 scale whose compositions were 
shown in Table 3. 
A detailed microstructure and compositional analysis of the oxidized top surface of 
CoNiCrAlY bond coat was undertaken to observe the morphology and composition of oxide 
scale. Fig. 8a to e show the scanning electron micrographs of the top surface of bare bond coat 
after isothermal oxidation at 1000 °C for 96 hours, showing (a) oxidized top surface at low 
magnification and high magnification view of (b) region 1, (c) region 2, (d) region 3 and (e) 
region 4, respectively. The EDS analysis of the different regions as labeled in Fig. 8a is 
summarized in Table 4. From Table 4 it may be noted that the zone labeled as 1 (shown in Fig. 
8b) contains oxides of chromium. From Fig. 8b it may further be concluded that the morphology 
of chromium oxides are granular and contains a significant volume fraction of porosities, The 
size of the oxide particles ranges from 100 nm to 3 μm. The zone labeled as 2 (cf. Fig. 8c) is 
porous spinel oxides which is having a polygonal morphology, with the chemical formula near 
equivalent to CoCr2O4 (as confirmed by x-ray diffraction study) and supported by the 
composition analysis as summarized in Table 4. The zone labeled as 3 (cf. Fig. 8d) is enriched in 
α-Al2O3 with trigonal crystal structure. The morphology of the oxide particles is elongated with a 
high aspect ratio and with uniform particle size/ aspect ratio. From the detailed EDS analysis (as 
summarized in Table 4) and XRD result, it is confirmed that the oxide is Al2O3. The region 4 (as 
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shown in Fig. 8e) contains polyhedral shaped oxides whose composition analysis shows mixed 
oxides of Co and Ni, whose presence is also confirmed by XRD analysis (cf. Fig. 9 and Fig. 10).  
 
3.3.2. X-ray diffraction analysis 
Fig. 9 shows the x-ray diffraction profiles of the top surface of as-sprayed (plot 1) and as-
oxidized CoNiCrAlY bond coat at 900 °C for 24 hours (plot 2), 900 °C for 96 hours (plot 3) and 
at 1000 °C for 96 hours (plot 4). From plot 1, it may be noted that the as-sprayed bond coat 
consists of γ/γ' matrix and β-CoAl phases. The β phase acts as an aluminum reservoir and helps 
in protecting the surface from oxidation [35]. From plot 2, it may be observed that after 
oxidation, there is formation of Al2O3, CoO, CoCr2O4, NiCr2O4, NiAl2O4, and CoAl2O4 phases. 
A close comparison between plot 1 and plot 2 revealed that β phase was absent in as-oxidized 
surface, which is possibly attributed to the consumption of Al present in the β phase for the 
formation of Al2O3. From plot 3, it is evident that along with Al2O3, there is presence of other 
spinel oxides such as NiAl2O4 and CoAl2O4, which make the oxide scale less protective as they 
are porous and non adherent in nature [46]. Due to increase in oxidation temperature to 1000 °C 
(plot 4), apart from formation of Al2O3, CoO, CoCr2O4, NiCr2O4, NiAl2O4, and CoAl2O4 phases, 
Cr2O3 phase was also formed as shown in plot 4. The intensities of the oxides were also found to 
increase with increase in the oxidation temperature due to increased quantity of oxide formation 
at increased temperature of oxidation.   
Fig. 10 shows the mass fraction of different phases present in the as-received CoNiCrAlY 
bond coat and the same after isothermal oxidation at 900 °C for 24 hours, 900 °C for 96 hours 
and 1000 °C for 96 hours. From Fig. 10, it can be seen that the as-received CoNiCrAlY bond 
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coat contains γ–Co matrix and β–CoAl phase which is also confirmed by XRD analysis. After 
oxidation at 900 °C for 24 hour and 96 hour, the Co and Al present in the bond coat alloy get 
oxidized to form their respective oxides. From the mass fraction calculation of different phases 
after thermal exposure at 900 °C for 24 hour and 96 hour, it may be observed that mass fraction 
of γ –Co initially decreased and then increased up to 96 hour oxidation. The initial decrease in 
volume fraction of γ-Co phase may be attributed to the oxidation of Co which resulted in the 
formation of CoO. Increase in the mass fraction of γ – Co at the later stage may be attributed to 
formation of the oxide scale with non-uniform thickness. The mass fractions of CoO and Al2O3 
were found to decrease with time of exposure, which might be attributed to the formation of 
spinel oxide. As the temperature of oxidation is increased to 1000 °C, the kinetics of oxide 
formation is increased. Co and Al present in the bond coat alloy get oxidized to form its 
corresponding oxides. Comparing mass fractions of different phases after thermal exposure at 
900 °C for 96 hours and 1000 °C for 96 hours, it may be noted that mass fraction of γ – Co 
decreases with increase in temperature. The decreased mass fraction of γ – Co with increase in 
temperature is attributed to oxidation of Co to form CoO. The mass fractions of CoO and Al2O3 
were found to increase with increase in temperature, which may be due to increased kinetics of 
growth of CoO and Al2O3 with increase in temperature. 
Fig. 11 shows the x-ray diffraction profiles of duplex TBC in as-sprayed condition (plot 
1) and the same after isothermal oxidation at 900 °C for 24 hrs (plot 2) and 900 °C for 96 hrs 
(plot 3) and 1000 °C for 96 hours (plot 4). From Fig. 11 it may be noted that due to oxidation, 
there is no change in phase distribution in the coated surface. Hence, it may be concluded that 
the thermal barrier coating developed in the present study remains stable up to 96 hrs of thermal 
exposure at both 900 °C and 1000 °C.  
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Fig. 12 shows the x-ray diffraction profiles of the compositionally graded thermal barrier 
coating after isothermal oxidation at 900 °C for 96 hours with 100% YSZ (plot 1), 70% YSZ + 
30% CoNiCrAlY (plot 2), 50% YSZ + 50% CoNiCrAlY (plot 3), and 30% YSZ + 70% 
CoNiCrAlY (plot 4). In the microstructure of the top layer, i.e. 100% YSZ, there is presence of 
only t'-ZrO2 as was observed for duplex TBC. However, with depth there are formation of oxide 
of aluminium (Al2O3), cobalt (CoO) and spinels of nickel – chromium oxide (NiCr2O4), colablt – 
chromium oxide (CoCr2O4), nickel – aluminium oxide (NiAl2O4) and cobalt – aluminium oxide 
(CoAl2O4) along with the presence of t'-ZrO2 phase. The peak intensities of t'-ZrO2 phase 
decrease and metallic oxides/spinels (Al2O3, CoO, NiAl2O4 and CoAl2O4) increase with depth of 
the coating. However, there was no signature of the presence of NiCr2O4 and CoCr2O4 peaks in 
plot 3 and 4, which concludes that with increase in depth the tendency to spinel formation and its 
kinetics decrease.  
Fig.13 shows the mass fraction of different phases present in graded TBC layers after 
isothermal oxidation at 900 °C for 96 hours. From Fig. 13, it may be noted that the mass fraction 
of t'-ZrO2 and γ-Co phase decrease with depth and the mass fraction of CoO and Al2O3 phase 
increase with depth. The mass fractions of CoO and Al2O3 phase increases with increase with 
increase in depth which is due to the availability of more metallic CoNiCrAlY alloy with depth. 
Fig. 14 shows the x-ray diffraction profiles of each graded layers after isothermal oxidation at 
1000 °C for 96 hour. From plot 1, it can be seen that the top 100% YSZ contains the same phase 
as it was in case of as-sprayed coating. The composite layers contain different types of oxides 
such as Al2O3, CoAl2O4, NiAl2O4, CoCr2O4, and NiCr2O4 as shown in Fig. 14. Fig. 15 compares 
the mass fraction of different phases formed in bond coat and graded thermal barrier coating for 
isothermal exposure in 1000 °C for 96 hours. From Fig. 15, it may be noted that the mass 
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fraction of CoO phase increases with depth. This may be due to the presence of higher metallic 
CoNiCrAlY percentage in the graded layer which increases with depth. The mass fraction of 
Al2O3 phase initially increases with depth and then finally decreases up to 30% YSZ + 70% 
CoNiCrAlY layer as observed from Fig. 15.  
 
3.3.3 Mechanism of Oxidation 
The formation of different oxides at the bond coat-top coat interface as well as in the graded 
layers may be explained from the standard free energy of individual oxide formation as shown in 
Table 5 [47].   
 
The minimum thermodynamic activity of the elements to form their corresponding oxides may 
be calculated from the following equations and are summarized in Table 5 [47].  
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where, a represents the thermodynamic activity of concerned phase shown as the subscript and 
K1, K2, K3, and K4 represents the equilibrium constant for the reactions (2) – (5). Table 5 
summarizes the standard Gibb’s free energy of formation of different oxides and minimum 
thermodynamic activity of elements required to form their respective oxides at PO2 = 1 atm. 
From Table 5, it may be concluded that among all oxides, Al2O3 is the preferred oxide to be 
formed initially. Furthermore, from Table 5 it is also evident that the minimum thermodynamic 
activity required for the formation of their respective oxide is lowest in aluminium. Hence, Al2O3 
is the preferred oxide to form at the bond coat-top coat interface as well as in the graded layers. 
In the onset of oxidation, growth of TGO was faster due to rapid oxidation of aluminium present 
in CoNiCrAlY. At later stage of oxidation, a protective Al2O3 scale was formed and thereby, 
reducing TGO growth rate. As soon as the aluminium concentration in the CoNiCrAlY bond 
coat decreases below its critical value to form protective alumina scale, other elements such as 
Cr, Co, and Ni migrate towards oxide-gas interface to form Cr2O3, CoO, and NiO scales 
according to their standard free energy of formation and minimum thermodynamic activities of 
elements required for the formation of their oxides as summarized in Table 5. The formation of these 
oxides was followed by formation of various spinel oxides such as CoAl2O4, NiAl2O4, CoCr2O4, 
and NiCr2O4 according to their standard free energy of formation as summarized in  Table 5. The 
measured thickness of TGO at different time intervals includes thickness of both Al2O3 and other 
spinel oxides. The formation of these oxides in the graded layers helps to reduce oxygen 
diffusion and in turn lowering the growth rate of TGO in compositionally graded TBC. The 
formation of these spinel oxides requires high oxygen activity and as a result of which these 
oxides formed on top of already grown Al2O3 scales. In compositionally graded TBC, the oxygen 
activity at bond coat-top coat interface is less as compared to duplex TBC as the graded layer 
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which was oxidized during exposure at elevated temperature reduces the oxygen ingress towards 
bond coat-top coat interface. This helps to reduce the quantity of detrimental spinel oxide 
formation as these oxides grow under high oxygen activity [48]. This attributes to the lower 
growth rate of TGO in graded TBC than duplex TBC.   
Fig. 16 compares the schematic representation of different stages of oxidation in (a) 
CoNiCrAlY coated Inconel substrate, and the same after (b) duplex TBC coating and (c) graded 
TBC coating, where, T0 represents the schematic of as-coated sample and (T1 to T4) represents 
the different stages of oxidation with increase in temperature or time of isothermal exposure in 
air. In the onset of oxidation, at T1, thin Al2O3 scale forms due to oxidation of Al at the surface of 
bare bond coat or at the interface between the top coat and bond coat of duplex and at the 
interface or between top coat and bond coat along with along different layers of graded TBC. As 
soon as a thin Al2O3 scale forms on the surface of CoNiCrAlY, the Cr, Co and Ni ions diffuse 
through the Al2O3 scale to form CoO, NiO and Cr2O3 along with Al2O3 at T2 according to Table 
5. At T3, CoAl2O4, NiAl2O4, CoCr2O4, and NiCr2O4 spinel oxides form along with Al2O3 
according to Table 5.  
 
3.3.4. Residual stress analysis 
Residual stress plays an important role in determining the service life of the coating. Residual 
stress may be developed in plasma sprayed thermal barrier coating due to a large quenching rate 
arising out from deposition of coating and its solidification. On the other hand, when the coated 
surface is subjected to isothermal heating, there is formation of TGO which also introduces 
residual stress in the coated surface. The quenching stress (σq) arises because of large 
temperature difference experienced during deposition of coating (Eq 6) and the thermal stress 
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(σt) arises as a result of thermal expansion mismatch between the substrate and coating during 
cooling (Eq 7).  
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                                 (7) 
where, αc and αs are the coefficient of thermal expansion of coating and substrate, respectively. 
Tm, Ts, Td and Ta are the melting temperature of coating material, substrate temperature, 
deposition temperature and ambient temperature, respectively. Ec and υc are the Young’s 
modulus and Poisson’s ratio of the coating. The residual stress introduced in the coating (both 
the duplex and graded) in as-received state and the same after isothermal oxidation at 900 °C and 
1000 °C are summarized in Table 6 and Table 7, respectively. From Table 6 and 7, it can be seen 
that the residual stress developed on the surface of the as-deposited thermal barrier coating (100 
% YSZ) is tensile. The tensile nature of residual stress is attributed to rapid quenching of molten 
splats from melting temperature to the substrate temperature. After isothermal exposure at 900 
°C, the residual stress in 100% YSZ coating initially decreases up to 24 hours of exposure and 
then increases with increase in time. The initial decrease in residual stress with isothermal 
exposure for short duration is attributed to release in quench stress, which increases further with 
increase in time, possibly due to growth of TGO film. With increase in depth, there is 
introduction of compressive residual stress, the magnitude of which increases with increase in 
depth. The increased magnitude of residual compressive stress with increase in the metallic 
percentage in the composite layer is due to a large difference in coefficient of thermal expansion 
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between the ceramic (YSZ) and metallic CoNiCrAlY. Furthermore, the compressive stress 
developed in the below surface layer increases with increase in time of exposure. Fig. 17 shows 
the schematic representation of variation of coefficient of thermal expansion (α) and Young’s 
modulus (E) of (a) duplex and (b) compositionally graded TBC. The coefficient of thermal 
expansion, α, increases with increase in the metallic CoNiCrAlY content in the coating due to a 
higher α of CoNiCrAlY than ceramic materials. Similarly, the Young’s modulus (E) increases 
with increase in the metallic CoNiCrAlY content in the composite layer as the addition of 
metallic CoNiCrAlY decreases the defect (porosity, microcracks etc.) content in the composite 
layer [9]. From Eq 15, it is also evident that the residual stress in the graded layers increases with 
increase in the metallic content. The effect of porosity on residual stress has been studied by 
Portinha et al. [49] which showed an increase in compressive stress due to decrease in porosity 
content in the coating. With increase in thermal exposure, the metallic CoNiCrAlY gets oxidized 
and the formation of oxides produce strain in the composite layer which leads to increase in the 
value of Young’s modulus of the composite layer, and thereby, increasing the residual 
compressive stress as shown in Table 6 and 7.  
It is relevant to mention that at low temperature of exposure, the underlying splats or 
substrate contributes to the development of tensile stress in the coating. The magnitude of the 
residual stress on the surface of 100% YSZ thermal barrier coating shows tensile nature with 
increase in the time of thermal exposure. On the other hand, the graded composite layers show 
compressive residual stress. The 70% YSZ + 30% CoNiCrAlY graded layer shows compressive 
stress developed on it which increases with time and temperature. A close comparison between 
the residual stress of the 100% YSZ layer and 70% YSZ + 30% CoNiCrAlY layer shows that the 
tensile residual stress in the 100% YSZ layer which increases with time and temperature is due to 
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the underlying 70% YSZ + 30% CoNiCrAlY layer whose compressive stress increases with time 
and temperature. The compressive nature of residual stress in composite layers is attributed to 
the thermal stress developed due to the thermal expansion mismatch between CoNiCrAlY and 
YSZ. By looking into the residual stress component σ11, it can be seen that the residual stress in 
the graded layer changes from tensile in 100% YSZ to compressive in following graded layers 
till bond coat.  
 
 
4. Conclusions 
In the present study, the isothermal oxidation behavior of the duplex as well as compositionally 
graded thermal barrier coating has been conducted at three reference temperatures 900 °C, 950 
°C and 1000 °C from 24 hours to 96 hours. From the detailed investigations, the following 
conclusions may be drawn: 
1. The microstructure of plasma sprayed 100% YSZ coating consists of porosities and 
micro-cracks which help the coating to be strain tolerant, however, allow oxygen to 
diffuse through it leading to oxidation of bond coat. 
2. The as-received microstructure of CoNiCrAlY bond coat shows a dual phase 
microstructure of γ/γ' matrix and β - CoAl. 
3. The kinetics of growth of the TGO is parabolic in nature both in duplex and 
compositionally graded TBC at 900 °C, 950 °C and 1000 °C. The growth rate TGO in 
compositionally graded TBC have been found to be slower than duplex TBC at 900 °C, 
950 °C and 1000 °C. The activation energy of duplex and compositionally graded TBC 
was found to be 129 kJ/mol and 175 kJ/mol, respectively.  
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4. Post-oxidation analysis of TGO shows the formation of Al2O3 and spinel oxides of Co, 
Ni, Cr, and Al. The top surface of oxidized bare bond coat contains Al2O3, Cr2O3, 
CoCr2O4, NiCr2O4, CoAl2O4, and NiAl2O4.  
5. The residual stress in 100% YSZ of as-received graded TBC shows tensile nature. The 
isothermal exposure of as-received graded TBC at 900 °C for 24 hour and 72 hour shows 
tensile nature of residual stress with no significant variation of its magnitude with time of 
exposure. The magnitude of tensile stress in 100% YSZ, however, increased with 
increase in temperature of exposure. On the other hand, the graded composite layers 
showed compressive residual stress. The graded layer shows compressive stress which 
increases with time and temperature. 
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Fig. 1. Scanning electron micrographs of the (a) cross-section of as-sprayed duplex thermal 
barrier coating and (b) magnified cross-section of YSZ top coat, (c) cross-section of as-sprayed 
bond coat and (d) magnified cross-section of bond coat. 
Fig. 2. Scanning electron micrographs of cross-section of (a) as-sprayed compositional graded 
thermal barrier coating, and the magnified view of (b) region 1, (c) region 2, (d) region 3 and (e) 
region 4. Different phases in the microstructure are labeled as A, B, C and D. 
Fig. 3. Variation of thickness of thermally grown oxide layer of (1) duplex and (2) 
compositionally graded thermal barrier coating with time at (a) 900 °C, (b) 950 °C, and (c) 1000 
°C.   
Fig. 4. Square of thermally grown oxide layer thickness versus with time for (a) duplex and (b) 
compositionally graded thermal barrier coating at (1) 900 °C, (2) 950 °C, and (3) 1000 °C.   
Fig. 5. Plot of logarithm of rate constant against inverse of absolute temperature for (1) duplex 
and (2) compositionally graded thermal barrier coating.   
Fig. 6. Scanning electron micrographs of cross-section of (a,c) duplex and (b,d) compositionally 
graded thermal barrier coating isothermally oxidized at 1000 °C for 96 hours at (a,b) low 
magnification and (c,d) at high magnification, showing the presence of thermally grown layer 
(TGO) at the bond coat-top coat interface. 
Fig. 7. Scanning electron micrographs of the cross section of isothermally oxidized CoNiCrAlY 
bond coat at 1000 °C for 96 hrs and (b) high magnification view of the same. 
 
Fig. 8.  Scanning electron micrographs of the top surface of CoNiCrAlY bond coat oxidized at 
1000 °C for 96 hours showing (a) oxidized top surface at low magnification and high 
magnification view of (b) region 1, (c) region 2, (d ) region 3 and (e) region 4, respectively.   
Fig. 9. X-ray diffraction profiles of the top surface of as-received (plot 1) and isothermally 
oxidized CoNiCrAlY bond coat at 900 °C for 24 hrs (plot 2) and 96 hrs (plot 3), and at 1000 °C 
for 96 hour (plot 4). 
Fig.10. Mass fraction of different phases present in as-received CoNiCrAlY bond coat and 
isothermally oxidized CoNiCrAlY bond coat. 
Fig. 11. X-ray diffraction profiles of the duplex TBC in as-sprayed state (plot 1) and the same 
oxidized at 900 °C for 24 hours (plot 2) and 96 hours (plot 3), and at 1000 °C for 96 hours (4). 
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Fig. 12. X-ray diffraction profiles of the graded thermal barrier coating layers after isothermal 
oxidation at 900 °C for 96 hours with 100% YSZ (plot 1), 70% YSZ + 30% CoNiCrAlY (plot 2), 
50% YSZ + 50% CoNiCrAlY (plot 3), and 30% YSZ + 70% CoNiCrAlY (plot 4). 
Fig.13. Mass fraction of different phases present in graded TBC layers after isothermal oxidation 
at 900 °C for 96 hours. 
Fig. 14. X-ray diffraction profiles of the graded thermal barrier coating layers after isothermal 
oxidation at 1000 °C for 96 hours with 100% YSZ (plot 1), 70% YSZ + 30% CoNiCrAlY (plot 
2), 50% YSZ + 50% CoNiCrAlY (plot 3), and 30% YSZ + 70% CoNiCrAlY (plot 4). 
Fig. 15. Mass fraction of different phases present in graded TBC layers after isothermal 
oxidation at 1000 °C for 96 hours. 
Fig. 16. Schematic representation of mechanism of oxidation in (a) bare bond coat, (b) duplex 
TBC, and (c) compositionally graded TBC.  
 
Fig. 17. Schematic representation of thermal expansion and Young’s modulus in (a) duplex 
thermal barrier coating and (b) compositionally graded thermal barrier coating. 
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Table 1. EDS compositional analysis (atomic %) of different zones observed in Fig. 2. 
 
Table 2. Rate constant and activation energy values for duplex and compositionally graded 
thermal barrier coating system. 
System Rate constant, kp (m2/s) Activation 
energy 
(kJ/mol) 
R2 Literature Activation 
energy (kJ/mol) 
900 °C 950 °C 975 °C 1000 °C 
Duplex 
TBC 
1.31 × 10-17 2.49 × 10-17 3.09 × 10-17 3.69 × 10-17 129 0.97 212 (non-isothermal 
oxidation) [30], 139 [41], 
188 [42], 130 [43], 102 
[44] 
Graded 
TBC 
0.67 × 10-17 1.88 × 10-17 2.29× 10-17 2.73 × 10-17 175 0.92 419 (non-isothermal 
oxidation) [30] 
 
Table 3. EDS compositional analysis (atomic %) of oxides scales formed on the cross-section of 
bare bond coat oxidized at 1000°C for 96 hours as shown in Fig. 7b. 
 
Table 4. EDS compositional analysis (atomic %) of different oxides formed on top of bare bond 
coat oxidized at 1000 °C for 96 hours as shown in Fig. 8a. 
 
 Zr Y Co Ni Cr Al O 
A 30-32 4.12-4.35 - - - - 61.23-63.02 
B - - 38.01-38.5 31.8-32.59 17.89-18 8.25-8.47 2.1-2.68 
C - - 0.53-1.23 0.35-0.88 3.20-4.62 34.10-35.88 54.38-58.07 
D - - 10.08-16.36 4.46-10.92 9.65-10.68 11.55-17.15 51.52-58.63 
 Co Ni Cr Al O 
1 1.6-3.37 1.55-3.83 2.6-6.88 36.87-38.57 49.06-55.68 
2 6.89-8.04 3.05-3.72 16.53-18.92 14.07-16.95 54.19-57.63 
3 3.55-5.07 3.27-4.14 17.73-20.23 7.4-8.12 56.09-60.04 
 Co Ni Cr Al O 
1 - - 30.81-37.82 - 61.09-68.17 
2 14.02-16.27 2.35-4.34 12.25-19.94 1.01-2.86 60.89-63.96 
3 2.82-5.45 2.24-5.43 1.9-3.11 27.01-27.84 59.38-65.10 
4 12.3-18.94 11.36-17.97 6.81-9.86 1.75-2.05 64.27-66.58 
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Table 5. Standard Gibb’s free energy of formation and thermodynamic activity of elements 
present in the bond coat alloy to form their respective oxides at PO2 = 1 atm [47]. 
Phase Standard free 
energy of 
formation, ΔG° 
(kJ/mol) 
Equilibrium 
constant, Ki 
Thermodyna-
micactivity 
of oxides, ai 
Elements Thermodynamic activity of 
elements, ai 
1173 K 1273 K 1173 K 1273 K  1173 K 1273 K 
Al2O3 - 1618.3  - 1613.1 1.17 × 
1072 
1.56 × 
1066 
1 Al 9.25 × 10-37  8.03 × 10-34  
Cr2O3 - 1035.2 - 1027 1.26 × 
1046 
1.39× 
1042 
1 Cr 8.86 × 10-24 8.47 × 10-22 
CoO - 176.9 - 171.7 0.75 × 
108 
1.1 × 107 1 Co 1.15 × 10-4 3.01 × 10-4 
NiO - 196 - 192.2 0.54 × 
109 
0.77 × 
108 
1 Ni 4.32 × 10-5 1.14 × 10-4 
CoAl2O4 - 83.3 - 93.3 -  -  -  -  -  -  
NiAl2O4 - 109.3 - 115.42 -  -  -  -  -  -  
CoCr2O4 - 88.8 - 101.5 -  -  -  -  -  -  
NiCr2O4 132.2 158 - - - - - - 
 
Table 6. Residual stress after isothermal oxidation at 900°C in compositionally graded TBC. 
Sample Residual stress (MPa) 
 As-sprayed  24 hour 72 hour 
 σ11 σ22 σ11 σ22 σ11 σ22 
100% YSZ 73.1 17.2 37 15.9 103 102.1 
70% YSZ+30% CoNiCrAlY -28 .7 45.9 -107 87.5 -139.5 144.1 
50% YSZ+50% CoNiCrAlY -90 47.1 -101.3 -65.7 -298 56.5 
30% YSZ+70% CoNiCrAlY -171.6 142.3 -364.7 -0.5 -516.4 452.9 
100% CoNiCrAlY -274.1 -62.5 -1787 -1388.7 -1601.9 -1459.9 
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Table 7. Residual stress after isothermal oxidation at 1000°C in compositionally graded TBC. 
Sample Residual stress (MPa) 
 As-sprayed  24 hour 72 hour 
 σ11 σ22 σ11 σ22 σ11 σ22 
100% YSZ 73.1 17.2 172.3 93.4 164.1 144.5 
70% YSZ+30% CoNiCrAlY -28 .7 45.9 -31.7 -111.4 - 133.7  225.4 
50% YSZ+50% CoNiCrAlY -90 47.1 -373.8 -261 -442 230.3 
30% YSZ+70% CoNiCrAlY -171.6 142.3 -391.8 -492.9 -672.8 -473 
100% CoNiCrAlY -274.1 -62.5 -1530.6 -1237.5 -1582.4 -1325.3 
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Highlights 
• Study of isothermal oxidation kinetics of YSZ based thermal barrier coating (TBC). 
• Compositionally graded TBC shows lower oxidation kinetics than duplex one. 
• Presence of Al2O3 and spinel oxides were found in the microstructure. 
• Lower oxidation kinetics in graded TBC was due to reduced spinel oxides. 
